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Abstract—A novel dual-function radar communication
(DFRC) system is proposed, that achieves high target
resolution and high communication rate. It consists of a
multiple-input multiple-output (MIMO) radar, where only
a small number of antennas are active in each channel use.
The probing waveforms are orthogonal frequency division
multiplexing (OFDM) type. The OFDM carriers are divided
into two groups, one that is used by the active antennas in
a shared fashion, and another one, where each subcarrier
is assigned to an active antenna in an exclusive fashion
(private subcarriers). Target estimation is carried out based
on the received and transmitted symbols. The system com-
municates information via the transmitted OFDM data
symbols and the pattern of active antennas in a general-
ized spatial modulation (GSM) fashion. A multi-antenna
communication receiver can identify the indices of active
antennas via sparse signal recovery methods. The use of
shared subcarriers enables high communication rate. The
private subcarriers are used to synthesize a virtual array for
high angular resolution, and also for improved estimation
on the active antenna indices. The OFDM waveforms allow
the communication receiver to easily mitigate the effect of
frequency selective fading, while the use of a sparse array
at the transmitter reduces the hardware cost of the system.
The radar performance of the proposed DFRC system is
evaluated via simulations, and bit error rate (BER) results
for the communication system are provided.
I. Introduction
Spectrum sharing between radar and communication systems
aims at improving spectral efficiency. Dual-function radar-
communication (DFRC) systems represent one form of spec-
trum sharing, by providing radar and communication func-
tionalities on the same hardware platform [2], [17]. Unlike
approaches that consider spatially distributed radar and com-
munication systems and require coordination of the two system
functions by some external controllers [1], DFRC systems re-
quire less coordination. A DFRC system periodically transmits
probing waveforms that allow for estimating target angle, range
and velocity, and at the same time, convey information to
a communication receiver. DFRC systems are applicable in
many scenarios, including autonomous driving, where the radar
functionality can be used for sensing and navigation [3], [4],
[5] and the communication functionality for vehicle to vehicle
communication.
Multiple-input multiple-output (MIMO) radar [6] are good
candidates for use in DFRC systems. They can form wide
beams, thus allowing for the detection of multiple targets at
the same time. Further, when using orthogonal waveforms, they
can synthesize a virtual array that has a larger aperture than
that of a uniform linear array (ULA) with the same number of
physical elements. As a result, MIMO radar can achieve high
angle resolution with a small number of antennas.
The communication component of a multi-antenna DFRC
system can be realized by embedding information in the radar
waveforms [8], [15], [16], or in the way the waveforms are
assigned to the transmit antennas [7], [10], [12]. In [15], [16],
an orthogonal frequency division multiplexing (OFDM) DFRC
system is proposed, where all OFDM subcarriers are assigned to
antennas in an exclusive fashion in order to maintain waveform
orthogonality. However, this use of subcarriers limits the com-
munication rate of each antenna. In [10], [12], communication
information is embedded in the transmit antenna activation
pattern by applying the generalized spatial modulation (GSM)
idea of [11]. GSM has also been explored in MIMO radar
[7], by reconfiguring a sparse transmit array through antenna
selection. However, the amount of information that can be
transmitted based on the active antenna pattern only is rather
low.
In this paper, we propose a novel OFDM DFRC system, that
achieves high target resolution and high communication rate.
The proposed system consists of a MIMO radar, where only a
small number of antennas are active in each channel use. The
OFDM carriers are divided into two groups, one that is used by
the active antennas in a shared fashion, and another one, where
each subcarrier is assigned to an active antenna in an exclusive
fashion - those will be referred to as private subcarriers. Target
estimation is carried out based on the received and transmitted
symbols. The system communicates information via the trans-
mitted OFDM data symbols, and the pattern of active transmit
antennas, in a GSM fashion. A multi-antenna communication
receiver identifies the indices of the active antennas via sparse
signal recovery methods [13], [14]. The shared use of subcarriers
by the active antennas enables high communication rate. The
private subcarriers enable the synthesis of a virtual array
with high angular resolution. Moreover, the private subcarriers
facilitate the estimation of active antenna indices and the
subsequent estimation of the transmitted data. The OFDM
waveforms allow the communication receiver to easily mitigate
the effect of frequency selective fading. Since the proposed
scheme uses a small number of antennas, it requires a small
number of RF chains, and thus involved low hardware cost.
In comparison to [16] that also uses OFDM and multiple
antennas, our proposed system uses subcarrier sharing, and
thus achieves higher communication rate. The shared use of
subcarriers results in coupling of angle, range and Doppler
estimation. However, the synthesized virtual array based on
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the private subcarriers allows for a high resolution refinement
of the initial angle estimate, which can subsequently yield a
better estimate of target range and Doppler. To the best of
our knowledge, there are no other DFRC systems that have
subcarriers in a shared fashion.
The remainder of this paper is organized as follows. Target
information estimation is provided in Section II. Sections III
describes the communication functionality of the proposed
system. Section IV describes how the radar and the commu-
nication functionalities work together. Section V demonstrates
the performance of the proposed system via simulation results,
and Section VI provides some concluding remarks.
II. The proposed Radar system
We consider a MIMO radar with a ULA transmit array with
Nt transmit elements, spaced apart by dt, and a ULA receive
array with Nr receive elements, spaced apart by dr. In the
transmit ULA, only Nx antennas are active in each channel
use. Let us denote by N the set of active antennas indices. We
will assume that the 0-th and the (Nt − 1)-th elements always
belong to N , so that the aperture of the transmit array is fixed.
The transmit waveforms are OFDM signals with Ns sub-
carriers, with subcarrier spacing ∆. Each antenna applies an
inverse discrete Fourier transform (IDFT) on the data symbols
assigned to it, pre-appends a cyclic prefix (CP), converts the
samples into an analog signal and transmits it with carrier
frequency fc. This signal will be referred to as an OFDM
symbol. The length of the CP should be larger than the max-
imum roundtrip delay to the target, so that the inter-symbol
interference and inter-channel interference can be eliminated in
the following modulation symbol based radar processing.
In the OFDM-MIMO radar of [16], the subcarriers are dis-
tributed to the transmit antennas so that no two antennas
transmit on the same subcarrier simultaneously. Here, we allow
subcarrier sharing, which will enable a higher communication
rate. In particular, we divide the carriers into two groups, those
who will be used in a shared fashion by the active antennas and
the private subcarriers.
Let dTx(n, i, µ) denotes the data symbol transmitted by the
n-th antenna (n ∈ N ) on the i-th subcarrier, during the µ-th
OFDM symbol. If subcarrier i is a private subcarrier assigned
to antenna `, then dTx(n, i, µ) 6= 0 only if n = `. The baseband
equivalent of the corresponding transmitted waveform equals:
x(n, t) =
Np−1∑
µ=0
Ns−1∑
i=0
dTx(n, i, µ)ej2pii∆trect(
t− µTp
Tp
), (1)
with rect(t/Tp) denoting a rectangular pulse of duration Tp,
where Tp is the duration of OFDM symbol.
Suppose that there are Nk point targets in the far field,
each characterized by angle, range and Doppler frequency
θk, Rk, fdk , respectively. It holds that fdk = 2vkfc/c with c
denoting the speed of light, and vk the velocity of the k-th
target. The baseband equivalent of the signal reflected by the
targets and received by the m-th antenna is
y(m, t) =
Nk∑
k=1
∑
n∈N
x(n, t− τk)ej2pifdk t, (2)
for m = 0, ..., Nr − 1, where τk is the roundtrip delay of the
k-th target, with τk = 2Rk/c+ (ndt +mdr)sinθk/λi, and λi =
c/(fc + i∆) the wavelength of the i-th subcarrier.
Each radar receive antenna samples in time, discards the CP
and applies an Ns-point discrete Fourier transform (DFT) on
the samples to obtain the symbols
dRx(m, i, µ) =
Nk∑
k=1
∑
n∈N
dTx(n, i, µ)e−j2pi(mdr+ndt) sin θk
fc+i∆
c
× e−j2pii∆
2Rk
c ej2piµTpfdk . (3)
Eq. (3) can be viewed as
dRx(m, i, µ) =
Nk∑
k=1
A(k, i, µ)ejω(k,i)m, m = 0, ..., Nr − 1 (4)
where
A(k, i, µ) =
∑
n∈N
dTx(n, i, µ)e−j2pindt sin θk
fc+i∆
c
× e−j2pii∆
2Rk
c ej2piµTpfdk (5)
and
ω(k, i) = −dr sin θk fc + i∆
c
(6)
Assuming that Nr > Nk and for a fixed i, {dRx(m, i, µ),m =
0, ..., Nr − 1} can be viewed as a sum of Nk complex sinusoids
with frequencies ω(k, i) and magnitudes A(k, i, µ). One can
apply any of the existing methods to find the frequencies and
amplitudes of the sinusoids. For example, by applying an Nr-
point DFT, we get peaks at frequencies ω(k, i). The resolution
of the peaks will depend on the number of receive antennas,
Nr. Once ωk are estimated, the target angles can be computed
as
θk = arcsin
(
− ω(k, i)c
dr(fc + i∆)
)
(7)
The amplitudes, A(k, i, µ), contain known data symbols and
target information, namely, range and Doppler. There can be
multiple targets in the same angular bin. Suppose that there are
Nq targets at angle θk. Then the amplitude can be expressed
as
A(k, i, µ) =
∑
n∈N
dTx(n, i, µ)e−j2pindt sin θk
fc+i∆
c
×
Nq∑
q=1
e−j2pii∆
2Rq
c ej2piµTpfdq
= A′(k, i, µ)
Nq∑
q=1
e−j2pii∆
2Rq
c ej2piµTpfdq (8)
where A′(k, i, µ) =
∑
n∈N dTx(n, i, µ)e
−j2pindt sin θk fc+i∆c . Via
element-wise division we get
d(k, i, µ) 4= A(k, i, µ)
A′(k, i, µ) =
Nq∑
q=1
e−j2pii∆
2Rq
c ej2piµTpfdq . (9)
Eq. (9) provides an expression that contains range and
Doppler only, while the transmitted data have been eliminated.
The range can then be estimated based on the peaks of an Ns-
point IDFT of d(k, i, µ), taken along the i dimension, i.e.,
r(k, l, µ) = IDFT [d(k, i, µ)] = 1
Ns
Ns−1∑
i=0
d(k, i, µ)ej
2pi
Ns
il
=
Nq∑
q=1
ej2piµTpfdq
Ns
Ns−1∑
i=0
e−j2pii∆
2Rq
c e
j 2pi
Ns
il
, (10)
for l = 0, ..., Ns − 1. The peaks of r(m, l, µ) will appear at
positions
lq =
⌊2NsRq∆
c
⌋
, (11)
where b·c denotes the floor function.
Similarly, by performing a discrete Fourier transform on (9)
along the dimension µ, we get peaks at
pq = bNpTpfdqc =
⌊2vqfcNpTp
c
⌋
, (12)
for p = 0, 1, ..., Np−1. Based on the location of those peaks we
can estimate the targets’ velocities.
A. Angle estimation via virtual array synthesis
The above presented angle estimation method, via (4)-(7),
is based on an array of aperture (Nr − 1)dr, and the range
and Doppler are coupled with angle. It turns out that once the
angle is estimated and used to obtain a range estimate, we can
synthesize a virtual array to refine the angle estimate. Here, we
show how one can use the private subcarriers and the obtained
range estimates to synthesize a virtual array and achieve higher
angle resolution.
The virtual array requires waveform orthogonality. To
achieve that, let us assign a private subcarrier and antenna
pairing (in, n). There are Nx private subcarriers at any time,
where Nx < Ns. Over the private subcarriers waveform or-
thogonality holds, and at the receiver, the contribution of each
transmit antenna can be separated. The symbol received by the
m-th antenna on private subcarrier in equals
dRx(m, in, µ) =
Nk∑
k=1
dTx(n, in, µ)e−j2pi(ndt+mdr) sin θk
fc+in∆
c
× e−j2piin∆
2Rk
c ej2piµTpfdk (13)
for m = 0, 1, ..., Nr − 1 and n ∈ N . Provided that the spacing
between subcarriers is much smaller as compared to fc, we
can approximate fc + in∆ ≈ fc. Then, after the element-wise
division with the transmitted symbols, we get
d′(m, in, µ)
4=dRx(m, in, µ)
dTx(n, in, µ)
=
Nk∑
k=1
e
−j2pi(ndt+mdr) sin θkλ0 e−j2piin∆
2Rk
c ej2piµTpfdk
(14)
for m = 0, 1, ..., Nr − 1 and n ∈ N .
Let αnk = e−j2pindt
sin θk
λ0 e−j2piin∆
2Rk
c and βk = ej2piµTpfdk .
By stacking d′(m, in, µ) in vector v, in an order that goes
through all possible m’s for each n ∈ N we get
v =
Nk∑
k=1
βk[D(Rk) at(θk)]⊗ ar(θk) (15)
where ⊗ is the Kronecker product,  is the Hadamard prod-
uct, at(θ) = [1, e−j2pidt sin θ/λ, ..., e−j2pi(Nt−1))dt sin θ/λ]T and
ar(θ) = [1, e−j2pidr sin θ/λ, ..., e−j2pi(Nr−1))dr sin θ/λ]T are the
transmit and receive steering vector, respectively, and
D(R) = IN [e−j2pii0∆
2R
c , e−j2pii1∆
2R
c , ..., e−j2piiNt−1∆
2R
c ]T
(16)
where IN is a diagonal matrix whose n-th diagonal element is
1 if n ∈ N , otherwise it is 0. Eq. (15) corresponds to a sparse
ULA with aperture (Nt−1)dt+(Nr−1)dr, based on which, the
targets parameters can be estimated via sparse signal recovery
methods [9].
Let R1, R2, ..., RNk be the already estimated target ranges.
By discretizing the angle space on a grid of size Na, i.e.,
{θ˜(1), ..., θ˜(Na)}, Eq. (15) can be expressed as
v = [v11,v12, ...,vNa×Nk ]
 β˜11...
β˜Na×Nk

= [v11,v12, ...,vNa×Nk ]β˜ (17)
where β˜ij is non zero if there is a target at range Rj and angle
θ˜i and
vij = [D(Rj) at(θi)]⊗ ar(θi) (18)
is the dictionary element for i = 1, 2, ..., Na and j = 1, 2, ..., Nk.
The sparse vector β˜ can be estimated via L1 norm minimiza-
tion, and its support will provide target angle estimates.
III. The Proposed Communication System
In order to implement GSM, only Nx out of the Nt (Nx <<
Nt) antennas will be active during a given transmission period.
The indices of those antennas will change between transmission
periods, and will be used to encode information. There are in
total C =
(
Nt
Nx
)
different active antenna selection possibilities.
In each symbol period, those combinations will result in
B = blog2(C)c (19)
transmitted information bits.
The active antenna indices along with the transmitted data
symbols can be estimated at the communication receiver as
follows. Consider a communication receiver with Nc antennas.
The received symbol matrix corresponding to the µ-th OFDM
symbol equals
Y =
 dCx(0, 0, µ) ... dCx(0, Ns − 1, µ)dCx(1, 0, µ) ... dCx(1, Ns − 1, µ)... ... ...
dCx(Nr − 1, 0, µ) ... dCx(Nr − 1, Ns − 1, µ)
 (20)
where dCx(m, i, µ) refers to the complex symbol received by the
m-th communication receive antenna on the i-th subcarrier. As
a result of subcarrier sharing and the narrow bandwidth of the
OFDM subcarriers, the i-th column of Y can be expressed as
Yi = HiAi +N, i = 0, ..., Ns − 1 (21)
where Hi ∈ CNc×Nt is the frequency response of the chan-
nel between the transmit and receive antennas along the i-
th carrier; Ai = IN [dTx(1, i, µ), dTx(2, i, µ), ..., dTx(Nt, i, µ)]T
containing the data symbols transmitted on the i-th subcarrier;
and N ∈ CNc is additive white Gaussian noise.
A. Information recovery via sparse signal recovery methods
When only a small fraction of the radar transmit antennas is
active at a time, Ai will be sparse. For a given µ, all Ai’s for
i = 0, ..., Ns − 1 have the same sparsity pattern. Then, under
certain conditions, Ai can be recovered by solving a sparse
signal recovery problem [13], [14]. By applying the same process
to every subcarrier and every OFDM symbol, all transmitted
symbols can be recovered. The support of the recovered Ai
provides the active antenna indices. By decoding those indices
the transmitted bits in one period can be increased by B.
Compared with an OFDM communication system with the
same modulation scheme but without subcarrier sharing, the
proposed scheme increases the number of information bits
transmitted in one period by a factor of Nx at maximum.
B. Information recovery by exploiting the private subcarriers
Here we provide an alternative way to estimate the transmit-
ted symbols, by exploiting the private subcarriers.
The communication receiver does not know which subcarriers
are private. However, if after applying sparse signal recovery
on a certain subcarrier the recovered sparse vector contains
only one nonzero element, then the receiver may conclude
that that subcarrier was private and the non-zero symbol
location corresponds to the index of the active antenna matched
to that subcarrier. In that way, the receiver can identify all
private subcarriers and active antenna indices. Subsequently,
the receiver can estimate the transmitted symbols on the shared
subcarriers via least-squares estimation. As it will be shown
in the simulations section, this approach is more robust than
estimating the symbols via the method of Section III-A.
IV. Dual-Function System
In this section we discuss how the radar and communication
components of the system are implemented.
Radar transmitter: The bit stream is divided into multiple
sections, each section containing the symbols to be assigned to
each antenna, i.e., the symbols comprising the OFDM symbol
to be transmitted by the antenna. Each section is preceded by
B bits, indicating the indices of antennas to be active. The
indices of active antennas change between channel uses.
Radar receiver: The angles are estimated by first performing
an Nr-point DFT on (4) along the m dimension. The location
of the peaks are the frequencies of (6), which then lead to
the target angles via (7). Subsequently, the target ranges are
estimated based on (11), and the velocities based on (12). To
maintain full range resolution, in each OFDM symbol, the
full bandwidth should be used to carry symbols. Similarly,
to maximize the Doppler resolution, at least one subcarrier
should be modulated with data symbols in all OFDM symbols,
since the Doppler resolution is determined by the total time of
observation on the subcarrier.
Using the virtual array: The angle estimates can be refined
along the lines of Section II-A, and used to improve the estima-
tion of range and Doppler. The latter can be done evaluating
(9) with the refined frequency estimates and then repeating the
range-Doppler estimation.
For the sake of achieving a virtual array with maximum aper-
ture, the first and last active antennas need to be fixed, which
slightly reduces the number of antenna activation patterns.
About the private carriers: The use of private subcarriers
comes at the cost of limiting the spatial encoding and losing
Nx(Nx−1) data symbols. In order to reduce the loss, and if the
target is not changing fast over M OFDM symbols (M < Np),
we can use private subcarriers only once every M OFDM
symbols. In most scenarios this is a reasonable assumption.
For example, for an OFDM system with subcarrier bandwidth
100kHz, the OFDM symbol duration is 10µs. For an array with
1° angle resolution, for a target at 50m to move out of the angle
bin it would require speed of 8.73
M
× 104m/s; this means that
the target will stay in the same angle bin for several OFDM
symbols.
Information required: In the proposed DFRC system, the
communication receiver needs to know the channel matrix H,
the number of subcarriers and the length of CP. Synchroniza-
tion at symbol level is also assumed.
V. Simulation Results
In this section, we demonstrate via simulations the radar tar-
get detection and communication performance of the proposed
DFRC system.
The channels are simulated to be frequency selective and
the corresponding impulse responses are complex with zero-
mean jointly Gaussian real and imaginary parts. The system
parameters are shown in Table I. The antennas transmit 16-
QAM signals in an OFDM fashion. Several point targets in
the far field of the array are considered, each characterized by
(angle, range, velocity), with values as shown in Table II.
Based on Table II, two of the targets have the same relative
velocity of 5m/s and are closely placed, i.e., have polar coordi-
nates (19°,50m) and (22°,50m). In order to construct a virtual
array, the first Nx subcarriers are set as private.
TABLE I
Radar Parameters
Parameter Symbol Value
Center frequency fc 24GHz
Subcarrier spacing ∆ 100kHz
Cyclic prefix length Tc 2.5µs
Duration of OFDM symbol Tp 12.5µs
Number of subcarriers Ns 1024
Number of OFDM symbols Np 256
Total number of transmit antennas Nt 32
Number of activated antennas Nx 5
Number of radar receive antennas Nr 50
Number of communication receive antennas Nc 16
Receive antenna spacing distance dr 0.5λ
Transmit antenna spacing distance dt 1λ
TABLE II
Radar Parameters
Target parameters Estimated parameters
(19°,50m,5m/s) (19°,49.80m,5.86m/s)
(7°,45m,10m/s) (7°,45.41m,9.77m/s)
(19°,80m,7m/s ) (19°,80.57m,7.81m/s)
(22°,50m,5m/s) (22°,49.80m,5.86m/s)
The radar first estimates the target angles via the low-
resolution method (eqns. (4)-(7)), and then estimates the
target ranges corresponding to each angle, based on Eq.
(11). The obtained estimates are (6.89°,45.41m,9.77m/s),
(18.66°,49.80m,5.86m/s) and (18.66°,80.57m,7.81m/s), where
one can see that one target has not been resolved. Based on
the estimated target ranges, a high-resolution angle estimate is
obtained based on the virtual array. The obtained parameters
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Fig. 1. Angle estimation can be improved with the virtual array. The
targets are at 5° and 7°.
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Fig. 2. BER versus SNR based on data symbols obtained via sparse
signal recovery.
are given in Table II, where one can see that the closely spaced
targets have been resolved.
Fig. 1 demonstrates the improvement in angular resolution
enabled by the virtual array. In this case there are two targets,
at 5° and 7° angles and both at the same range. The red line
shows the magnitude DFT of {dRx(m, i, µ),m = 0, ..., Nr − 1},
with the location of the peaks indicating the angle estimates.
The aperture of the receive array, i.e., (Nr−1)dr = 24.5λ, does
not allow for the estimation of closely placed targets and thus
only one peak shows up. The blue line shows the magnitude of
β˜ of (17), with the peaks indicating the high resolution angle
estimates. The virtual array is a sparse version of an array of
aperture (Nt − 1)dt + (Nr − 1)dr = 55.5λ , thus, due to its
higher resolution the targets can be resolved. For the virtual
array based estimate, a grid of size Na = 181 was used. In this
simulation, no noise was added.
To evaluate the performance of the communication function-
ality we performed Monte Carlo simulations and calculated the
bit error rates from data symbols and antenna indices encoding
under different SNRs and different numbers of active antennas.
Fig. 2 shows the performance of the communication system
when applying the data symbol recovery method presented in
Section III-A. For a fixed SNR, the fewer the activated antennas
the smaller the BER is. This is because sparse signal recovery
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Fig. 3. BER versus SNR for data symbols obtained via the method
of Sec. III-B.
works better when the signal is sparser.
In Fig. 3 we plot the BER based on the received symbols,
when the communication receiver applies the symbol and ac-
tive antenna indices recovery method described in Sec. III-B,
i.e., the private subcarriers and active antennas indices are
identified first, and then the symbols are recovered via an
LS approach. In comparison to Fig. 2, one can see that this
approach achieves lower BER for the same SNR and the same
value of Nx. Indeed, the use of private subcarriers not only
enables the construction of a virtual array for the radar system,
but it also makes the communication system more robust to
noise. The BER corresponding to the estimated antenna indices
is shown in Fig. 4. In the simulations, the position bit stream
was randomly generated and mapped to a dictionary to decide
the indices of active antennas. One can see that the position
encoding is robust to noise and the number of active antennas
does not affect the result as in Fig. 2.
Under the configuration provided in the table, the maximum
bit rate of the system with no private subcarriers is 1.6398
Gigabits per second, while the maximum bit rate of the same
system with Nx = 5 private subcarriers in every OFDM symbol
is 1.6339 Gigabits per second. Thus, while the loss in bit rate
from enabling private subcarrier is minor, the improvement in
BER is significant.
VI. Conclusion
We have proposed a novel MIMO-OFDM dual-function sys-
tem using a sparse transmit array, whose active elements are
selected in a GSM fashion. Most subcarriers are used in a shared
fashion by the active antennas, except a set of subcarriers
that are assigned to the transmit antennas in an exclusive
fashion (private subcarriers). For the radar function, the system
estimates angle, range and Doppler information using both
private and shared subcarriers. The angle estimate is further
improved by exploiting a virtual array constructed based on
the private subcarriers. The communication system can use the
private subcarriers to estimate active antenna indices and thus
decode spatial information. Subcarrier sharing allows for high
communication rates. The fact that only a small number of
transmit antennas is active allows for low hardware cost of the
DFRC system.
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Fig. 4. BER versus SNR for GSM obtained via the method of
Sec. III-B.
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